Abstract. A cost e ective IPMC was fabricated by using recycled Flemion r membrane from chlor-alkali industry. An even distribution of platinum particles on the surface and the bulk was shown by line SEM-EDX. Pt particles and the sti ness of the recycled IPMC were gradually increasing during impregnation-reduction process to form a conventional fractured metallic surface layer displaying discrete islands according to SEM photographs. A highly reproducible current-time diagram was obtained at even low voltage despite the fact that there was no observable motion and o set current due to water electrolysis by chronoamperometry. However, the sensible motion was observed after 1.5 V with a signi cant increase in current and appearance of o set current developing with voltage. Due to capacitive characteristics of the recycled IPMC, peak current decreased with frequency, linearly, while the plateau current was observed only at low frequencies or time periods (Tp > 5). The normalized maximum tip force generated at di erent voltages along with tip displacement and Young's modulus were measured by load cell and compared with those of a Na on r -based IPMC (N-IPMC). Very close values were obtained con rming that recycling did not have a sensible e ect on the mechanics of the recycled IPMC.
Introduction
Electroactive polymers (EAP) are a member of polymer family, which can exhibit a large de ection due to the electrical stimuli. Ionic Polymer Metal Composites (IPMC) are classi ed into EAPs, which are constructed of one thin ion exchange membrane as matrix and two metallic thin lms on both sides as electrodes. The IPMC polymer matrix is made of a hydrophobic polymer backbone and hydrophilic anionic side chains and forms clusters of concentrated anions which neutralize cations and water within the polymer network. When the IPMC is hydrated, the positive ions (such as lithium or sodium ions) can move freely inside the membrane, which is attributed to the immobilization of negative ions due to bond with carbon chain of polymer. Exerting an electric eld with a relatively low activation voltage (1-5 V) forces the hydrated cations to move to cathode side while the anions are still xed in place. This procedure, accompanied by transportation of solvent molecules and the associated interactions, leads to bending motion in an IPMC. Deforming capability of IPMC introduces this group of polymeric materials with a great potential as soft robotic actuator, arti cial muscles, and dynamic sensors in a broad size range from micro-to-macro scale [1] [2] [3] . One of the concerning problems in working with IPMCs is high cost, which is fairly incommodious. The most contributing factors in the IPMC's cost include: polymer, electrode, and the fabrication method. The polymer material generally used as membrane in IPMCs is commonly made of expensive per uorinated ionomers, such as commercially available Na on r , Flemion r , or Aciplex r membranes; on the other side, gold or platinum are usually considered as electrode materials which cause further increase in the nal manufacturing cost of IPMCs.
It is necessary to note that Flemion r is a per uorinated carboxylic acid membrane developed by Asahi Glass, Japan, while Na on r and Aciplex r are per uorinated sulfonic acid membranes developed by Du pont, USA, and Asahi Kasei, Japan, respectively. This creates some fundamental mechanical response di erences between them. Flemion r shows improved performance as actuator material compared to Na on r , basically due to a higher ion exchange capacity and better mechanical strength so that it will deform with no back relaxation under applied electrical stimulus, i.e. deformation is stable or even increases as long as the voltage is applied quasi-statically [4] . That is why Felemion membrane was selected for consideration in this study.
Furthermore, there are several methods for fabrication of IPMC's, including electroless plating, sputtering, taping with conductive lms, and so on. Among them, electroless plating is the most common fabrication method employed so far, which is not only time consuming, but also a costly process due to utilization of special precious metal complex salts [5] . Shahinpoor and Kim proposed a new method by which the physical loading of silver and palladium particles as conductive phase in IPMC is considered [6] . Fang et al. used a combination of nickel and gold particles in manufacturing procedure of IPMC [7] . Moreover, lots of other investigations have sought new ways in order to reduce the economic issues of IPMC, which show the attempt to make this class of EAP family more a ordable despite their unique characteristics. An electro-active polymer, which can be used as sensor and actuator, was developed by Wang et al. based on the sulfonated poly (styrene-b-ethylene-co-butyleneb-styrene) ionic membrane through electroless plating. It has also been reported that the commercially available product of SSEBS is less expensive than Na on r [8] . Luqman et al. also reported the actuation performance of cost-e ective sulfonated polystyrene (s-PS)-based IPMC and compared it with that of a Na on r -based IPMC (N-IPMC). They claimed that an economically feasible sulfonated PS could be applied for IPMC application [9] . There are several models available to describe bending motion of an IPMC. These models are generally based on an equivalent circuit representation that is related to the electrical, mechanical, and electromechanical properties of the material. Also, more lumped models are available by which input parameters, such as voltage or current, are converted to the output parameters { tip displacement, force, etc. [10] [11] [12] . There are a few available nite element models for an IPMC; for example, Jung and Toi developed a nite element model which can be used as a computational tool for the evaluation and design of Flemion r -based IPMC [13] .
Unlike previous studies, which either focused on metallic approaches to reduce the nal cost of IPMC or switched to other types of ionomers as membrane material, we, here, introduce a novel and a ordable method which can be easily used in industrial scale based on recycling the used membranes of some other related industries. Per uorinated membranes are widely used in di erent industries, e.g. ChlorAlkali (CA) and water electrolysis, fuel cells, and so on, which are considered unusable after their service life. These industrial wastages are quaintly a very rich source for manufacturing the membrane used in IPMCs. We have extensively investigated recycling of Na on r and Flemion r composite membranes from CA industry [14, 15] . Here, a new method of IPMC manufacturing is reported, in which the Flemion r as the polymer material is recycled from composite membranes used in CA industry. The recycling of used Na on r membrane from a PEM fuel cell was also reported earlier [16] . The results obtained by several tests performed in our laboratory on the recycled CA membranes show almost similar conductivity, ion exchange capacity, morphology, and mechanical properties to those of a neat membrane. The morphology, electrical, mechanical performance, and deformation of the IPMC, having recycled Flemion r -based membrane (RF-IPMC), were thus investigated using SEM, SEM-EDX, chronoamperometry, load cell measurement, image processing, respectively, and then compared with those of a new (N-IPMC). 
RF-IPMC fabrication
Recycled per uorosulfonated membrane was cut into 1 cm 3 cm 165 m rectangular samples for electroless plating via impregnation-reduction process, which is proposed by Shahinpoor and Kim [5] . This process is accomplished in four steps: 1. Surface treatment of recycled membrane (roughening); 2. Adsorption (ion exchange); 3. Reduction (primary plating); 4. Developing (secondary plating); which are simply explained here:
1. Surface treatments (roughening): At this step, using abrasive paper (180 mesh), surface roughness of the membrane was increased in order to enhance electroless plating and to access the highest possible interfacial area between the polymer and metal composite. Then, the membrane lm was immersed into deionized (DI) water for 15 minutes and in an ultrasonic cleaner in order to wipe the residue o the surface. Removing the contaminations from the surface and hydrogenating the sulphonated groups in the membrane were performed using 2N HCL solution, which was in boiling state at 90 C for 30 minutes. Finally, the sample was rinsed with DI boiling water in order to wash out the residual acid and to swell the lm.
2. Adsorption (ion exchange): Solution of platinum complex (50 mg platinum and 50 ml water) was prepared. Adding 1 ml of 5% ammonium hydroxide solution for neutralization, the membrane sample was immersed into the solution of platinum complex at room temperature for 24 hours. In this process, hydronium ion (H + ), which existed inside the recycled membrane, was exchanged with [Pt(NH 3 ) 4 ] 2+ ion of complex solution.
3. Reduction (primary plating): At this step, the prepared membrane was rinsed by DI water and set into water while being stirred at 40 C, in which 2 ml of 5% sodium borohydride solution was added every 30 minutes. This process was repeated for 7 times in which the temperature gradually increased up to 60 C. Finally, 20 ml of 5% sodium borohydride solution was added to the container in which the recycled membrane was set. During this process, the Pt 2+ ion reduced as the metallic ion on the surface and metallic cations of Pt complex formed a black colored layer on the two sides of membrane, which was due to the presence of sodium borohydride as the reducing agent.
4. Developing (secondary plating): To increase the thickness of metallic electrode and to decrease the surface resistance, the membrane was rinsed by DI water and then the steps 2 and 3 were repeated for 6 times. The membrane was then washed again and set in a container of 0.1N HCL. In order to enhance the deformation response of IPMC, the sample was nally set in 1.5 N NaCl solution for one week.
Instrumentation
Scanning Electron Microscopy (SEM) (Tescan VEGA-II) was used to study the morphology, particle distribution, and the thickness of electrodes of IPMC as well as the recycled membrane. Transmitted amplitude through the recycled IPMC is determined as a function of time for a constant voltage by Potentiostat-glvanostat (PGSTAT 30 Autolab) apparatus via Chronoamperometry method. The tip blocking force generated by IPMCs was measured by load cell WZA1203-N. In order to quantify the de ection capabilities of the recycled IPMC, an observation test was performed by a digital camera and image processing software. Photos taken from de ected sample in di erent time intervals show the amount of deviation angle in comparison to the initial state.
3. Results and discussions 3.1. SEM morphology and EDX be in direct correlation with the gradual distribution of solubility of water inside Flemion r membrane. Although primary plating of metallic electrode covers the whole membrane surface, high resistance of the thin metallic electrode prevents the monotonous distribution of electric current on the surface. Also, observation showed that the sti ness of the recycled membrane lm was gradually increasing during the impregnation-reduction process. It was noticed that the thin metallic layer needed low force in order to be deformed compared to the thick metallic layer. This force is caused by water migration inside the lm. Thereupon, it is important to have a lm of optimum thickness, which results in the best deformability of an IPMC. Similar results were reported earlier for new N-IPMC [17] .
The distribution of platinum particles within the cross-section of the RF-IPMC obtained by line SEM-EDX is indicated in Figure 2 (a) to (c), in red color. Figure 2 (a) and (b) represent the intensity after double and ve-time plating, respectively. As seen, the intensity at both sides, as electrode surfaces, is the greatest while it diminishes in the bulk showing an even distribution of Pt particles within the bulk. Also, enhancement of the Pt intensity, at both sides of Figure 2 (b) compared with Figure 2 (a), obviously con rms the e ectiveness of the plating process. The corresponding SEM-EDX map after six-time plating is also depicted in Figure 2 (c), which clearly shows the smooth distribution of platinum particles on the surface and in the bulk of the RF-IPMC [18] .
The top layer surface morphology of the RF-IPMC, which is mainly concerned with the electrode layer, is characterized by SEM as shown in Figure 3 . Figure 3 (a) and (c), and Figure 3 (b) and (d) illustrate the RF-IPMC sample before and after 5 minutes of voltage application in two di erent magni cations, respectively. It is noteworthy that the surface of metallic part in IPMC usually appears to have micro fractures on it, which forms a particular facial topology called discrete islands [13] . As is evident from these photographs, the metallic surface over the layer appeared to be fractured, displaying discrete islands of platinum deposition. This is attributed to the tensile strength (which is less than the bending stress due to actuation of RF-IPMC) and water swelling of the polymeric membrane, which exerts an extra stress on the metallic electrodes. A similar cracked-mud structure for a new N-IPMC was also reported by Lee et al. who proposed water swelling and electroactive bending responsible for generation of these islands [17] . Furthermore, it is clear from photographs of Figure 3 that the fractured surface, as a result of voltage exerting process, increases while the size of islands decreases and is followed by the increase of water leakage from the fracture regions. Consequently, this is found to decrease the performance of RF-IPMC. Two important mechanisms of the water content reduction are water electrolysis and water vaporization. Also, water leakage outward the RF-IPMC via fractures (which are formed due to bending) could also be considered another parameter intensifying the reduction of water content during voltage application process [9] .
Electrical properties
Using chronoamperometry technique, by applying a square type voltage, a typical current-time diagram was obtained for the RF-IPMC as shown in Figure 4 . A step voltage of 500 mV for 3-second time intervals was applied (Figure 4(a) ) and the response was obtained and exhibited in Figure 4 (b). As seen, by approaching a maximum, current response shows an immediate increase by sudden variation of the voltage. Thereafter, in constant voltage, the corresponding current declines with time, exponentially, until the polarity of the electrodes is reversed, which causes an inverse current ow through the RF-IPMC. This is similar to the characteristics of an electrical capacitor as during charging, electrical charges lie on the electrodes of a capacitor. Stabilization of voltage causes fewer rooms available for charges to accumulate on the electrodes due to the capacity limitation, which consequently reduces the electric current. Similarly, at the time of voltage application to the RF-IPMC, electrostatic forces move the cations from cathode to anode, instantaneously. Then, by keeping the voltage constant for a period of time, the rate of cation migration toward the anode decreases due to the accumulation of cations in vicinity of the cathode. In this state, the value of current passing through the RF-IPMC is a descending function of time. As a result, water molecules also move toward the anode along with cations while forming clusters with cations. This forces the RF-IPMC sample to bend. A similar behavior for a new N-IPMC was also reported by other researcher [19, 20] . Figure 5 (a) and (b) represent the results for the square-type low DC voltages applied within 20 to 500 mV, and the corresponding current responses as functions of time, respectively, at a constant frequency (0.16 Hz) for the RF-IPMC. The conventional currenttime response explained earlier in Figure 4 (b), which is also highly reproducible, can be seen, once again, even at all low voltages applied despite no observable motion of the recycled actuator. According to Figure 5(b) , by increasing voltage, the peak current, I P (mA), also increases. No o set current indicating presence of the Faradic current due to water electrolysis is observed. The response current seems to be purely due to movement of the ions through the RF-IPMC. 
To clarify this, the non-Faradic and Faradic currents (o set current), percentage of electrolysis, and the consumed electrical charges are estimated by the peak currents at various voltages from Figure 6 (b) and the results are summarized in Table 1 and represented as a function of voltage in Figure 7 . As seen, at low potential, there is no sign of o set or Faradic current, which is reasonable. However, over 1.5 V, which is beyond the water electrolysis potential, Faradic current and the percentage of water electrolysis appear and increase with voltage. Shi et al. [21] also realized from an electromechanical model analysis that since they did not consider the e ect of water electrolysis, the simulated result was higher than the experimental data, especially under a high voltage. Then, they arrived at the conclusion that it is essential to choose a more exact model to analyze the performance of an IPMC in the future which considers the water electrolysis and free di usion under high voltage application.
E ect of frequency on current-time response
In order to study the e ect of frequency (and therefore the resulting time period (f = 1=T )) input square wave voltages on the electrical behavior of the RF-IPMC, the electrical current was measured under 2.0 V applied voltage as a function of time at di erent frequencies. Figure 8 (a) and (b) represent the current responses at two di erent frequencies of 0.1 and 1.0 Hz, respectively. As seen, two distinguished e ects can be observed from these graphs. First, the peak current at 0.1 Hz is higher than that of 1.0 Hz. This impact is better realized with reference to Figure 9 where the results for the peak current as a function of frequency are illustrated. According to these results, peak current somewhat decreases with frequency, linearly. This is mainly because at high frequency, the capacitive characteristics of the RF-IPMC would not have su cient time to either fully charge or discharge with the resultant current through the RF-IPMC; thus, I p starts with a value less than its maximum achievable one. Similar results for the e ect of frequency on the reduction of current density of an N-IPMC actuator within the frequency range 2 to 16 Hz were previously reported by Lee et al. [17] . Second, at high frequencies wherein the time period of the input voltage was reduced, the current was reversed before it reached its steady-state value (or current plateau). We, here, de ne the steadystate current value either as Faradic or zero current on the occasion or absence of water electrolysis, respectively. This, once again, has something to do with the capacitive characteristics of the IPMC or, in other word, its RC circuit behavior. According to di erent RC circuit models proposed for prediction of the electrical performance of an IPMC [22] , an IPMC has an equivalent R eq C where R eq is the value of the equivalent resistance of all resistance components of the IPMC in ohms, and C is the value of the capacity in Farads which is equal to time constant () of the capacitor ( = R eq C) in seconds. It is de ned as the time taken by the capacitor to charge or discharge to 63% of its maximum value [22] . In such an RC circuit, the IPMC capacitor charges up gradually through its internal resistor(s) until the voltage across the IPMC capacitor reaches that of the supply voltage. The transient response time required for this to occur is equivalent to about 5 time constant or 5. This transient response time, 5, is measured in terms of seconds. Table 2 contains the values obtained for frequency, applied voltage period before polarity change, T p (T p = T=2), time constant , transient time at 5, and the corresponding plateau current at the input 2 V voltage applied to the recycled RF-IPMC. According to these data and by comparison of T p with 5, it can be seen that only at low frequency (0.1 Hz), where T p is greater than 5, the plateau current can be observed or, in other words, the capacitor is fully charged or discharged on each cycle. The prolonged voltage application (T p >> l5) does not have any e ect on the capacitive characteristic of the recycled IPMC, except extending the time period. If T p is less than 5, the RF-IPMC capacitor would not have su cient time to either fully charge or discharge with the resulting loss of the current plateau. Of course, one expects, at T p equal to 5, a perfectly matched RC waveform to be observed.
E ect of voltage on maximum tip force
The maximum tip force generated by the RF-IPMC actuator at di erent voltages is shown in Figure 10 . For comparison purposes, that of the N-IPMC is also measured and illustrated in this gure. As the applying voltage increases, the generative tip force increases linearly for both samples; however, a high tip force was generated by the RF-IPMC compared with N-IPMC. Since the tip force depends somewhat on the thickness of the IPMC, according to previous studies [19] , and as the thicknesses of the samples were slightly di erent (270 m against 150 m), the measured tip forces were normalized by dividing by their thicknesses; the results are shown in Figure 10 . As seen, this time, very close results were obtained for both actuators at the same potential showing that the membrane recycling did not have a sensible e ect on the mechanical performance of the RF-IPMC.
Mechanical properties
On the other hand, it has been reported that the fabrication conditions of IPMCs may in uence their mechanical properties, such as tensile strength and modulus [23, 24] . The bending sti ness of the IPMC samples was thus evaluated. The bending sti ness of the thin lms can be measured by their Young's modulus. The exural rigidity of a beam is represented by E I according to the theory of solid mechanics, where E is the Young's modulus and I is the moment of inertia and the bending sti ness (B) for cantilever beam can be calculated using the formula, B = EI=b, where b is the width of the beam [24] . the values of Young's modulus for RF-IPMC and N-IPMC measured in wet condition. The RF-IPMC has slightly higher Young's modulus than the N-IPMC, which may be attributed to its slightly higher thickness and/or water uptake of the Na on r membrane as compared in Table 3 . A close value (74.0 MPa) has already been reported for the Young's modulus of a Na on r -based IPMC by other workers. Once again, no signi cant changes in the mechanical properties of the IPMCs were observed due to the membrane recycling.
E ect of voltage and frequency on tip displacement
A typical bending motion of the RF-IPMC actuator at rest and di erent DC voltages is demonstrated in Figure 11 . Such IPMC bending motions were reproducible and durable for several times until all the water molecules were depleted from the IPMC's surfaces. The displacement of RF-IPMC is composed of two directional components, i.e. upward and downward components, which are somewhat di erent. The bending speed and displacement depend on various factors such as applied voltage and frequency, water content, surface resistance, and electrode thickness [19] . In this work, however, only the e ects of voltage and frequency on tip displacement of the RF-IPMC are investigated. The maximum bending displacement is measured at the free end of the sample after su cient elapsing time so that no more bending is observed. Figure 12 relationship between the maximum displacement and the applied voltage at di erent times. Also, the results demonstrate that displacement increases with increase in the potential, as clearly shown for downward and upward maximum displacement graphs in Figure 13 . A higher displacement at upward in respect of downward movement at the same input voltage cannot be due to the weight of RF-IPMC as in that case, it should exhibit less displacement while going upward. Hunt et al. [25] explained this phenomenon as the IPMC's shape hysteresis which is caused by delayed solvent migration and redistribution compared with rapidly transferred ions within the membrane.
On the e ect of frequency on the tip displacement, our observations revealed that the type of movement of the RF-IPMC changes from bending motion at low frequencies (T P longer than 5) to vibration mo- Figure 13 . Maximum tip displacement at downward and upward bending at di erent DC voltages for the RF-IPMC.
tion at higher frequencies (T p equal to or less than 5). Depending on the type of application desired for an IPMC, di erent frequencies can be applied to control the type and the rate of movements of an IPMC.
Conclusions
The per uorinated Flemion r membrane recycled from a used composite chlor-alkali membrane was coated by platinum electroless plating to form a low-cost IPMC. Morphology, particle distribution, electrical and mechanical performances of the recycled IPMC were studied and compared with those of a new Na on rbased IPMC. According to morphology studies, an even distribution of platinum particles on the surface and in the bulk of the recycled IPMC was clearly demonstrated by line SEM-EDX. A conventional fractured metallic surface layer displaying discrete islands was formed, in which the number of islands increased while their size decreased by voltage application. A typical current-time diagram, which was highly reproducible, was also obtained for the recycled IPMC at low voltages with a signi cant increase in the current and appearance of an o set current developing with voltage over 1.5 V. A basis was introduced so that only at low frequencies corresponding to T p 5, the plateau current caused by full charging or discharging of the RF-IPMC, could be observed. The peak current also decreases with frequency, linearly.
Very close values for Young's modulus and normalized maximum tip force generated by both IPMCs were obtained con rming that the recycling did not have a sensible e ect on the mechanical performance of the recycled IPMC. A typical bending motion, which was reproducible and durable, was shown by the RF-IPMC. Finally, the used membranes from chlor-alkali and/or water electrolysis industries were found to be rich resources for manufacturing low cost IPMCs.
